Introduction: Safe driving constantly challenges the driver's ability to respond to the dynamic traffic scene under space and time constraints. It is of particular importance for older drivers to perform sufficient visual and motor actions with effective coordination due to the fact of age-related cognitive decline. However, few studies have been able to integrate drivers' visual-motor behaviours with environmental information in a spatial-temporal context and link to the cognitive conditions of individual drivers. Little is known about the mechanisms that underpin the deterioration in visual-motor coordination of older drivers.
Introduction
Epidemiological studies have projected a large increase in the percentage of drivers aged 60 and older, a cohort at risk of road crashes [1] [2] [3] . Older drivers have one of the highest vehicle crash rates in comparison with other population groups, largely due to the functional effects of the accumulation, and progression of age-related declines in visual, cognitive and motor conditions that impact on fitness to drive [4] . Knowledge of the cognitive characteristics associated with particular driving behaviour of older people has important implications for the improvement of safety on our roadways and the mobility of older adults. Safe driving constantly requires the driver's ability to response to the dynamic traffic scene under space and time constraints, the ability to perform sufficient visual and motor actions with effective coordination between the actions. This is of particular importance for older drivers who are more likely experiencing age-related cognitive declines.
Various efforts have been attempted to attain a better understanding of driving abilities, by laboratory-based neuropsychological tests, on-road driving observations, computer simulations, etc., and new methods are constantly emerging. The commonly acknowledged 'gold standard' for driving assessment is the on-road driving evaluation offering a pass or fail outcome, which is similar to the 'road test' that most individuals undergo to receive their driver's license. Although an on-road driving assessment presents a naturalistic test setting, it lacks sensitivity to detect subtle changes in driving performance when considering its utility as an outcome measure [5] . Moreover, vehicle driving in real traffic is a complex interactive system involving human visual perception, cognition, and locomotion of the driver, vehicle movement, and the environment. Driving makes demands on multiple cognitive processes for the drivers, it is challenging to generalise findings and predict safety outcomes from a single sensory tracking or an isolated assessment [6] . Thus when studying driver behaviour under actual conditions, utilising contextual driving information, drivers' actions and thinking in an integrated format should be considered. Ramon, Clarion et al. [7] developed a platform that provides a reliable data acquisition and processing solution to obtain vehicle information, video and contextual data from field tests. In their study, the driver's behaviour was assessed through various indicators, which brought abundant information to improve reliability. Although recordings across time gave a better understanding of driver's behaviour [7] , Ramon's system didn't collect certain useful data to detect driver states such as visual attention measures and advanced driving variables including lane position, the nature and underlying mechanisms of the monitored behaviour hadn't been fully explored in the project publication [8] .
Connections between the driver's visual actions and steering performance have been found in several studies [9] [10] [11] . For example, Land and Lee [10] made simultaneous recordings of steering-wheel angle and drivers' gaze direction during a series of driving tests along a winding road. Based on the analysis of performance on each route sections, they found that drivers relied primarily on the tangent point on the inside of each curve. The study obtained valuable information about how humans view, think and act in relation to the vehicle control and environment at the section level. Taking above studies a step ahead, fully integrating older driver's visual and vehicle control data with environmental information in a finer spatial-temporal context would give more valuable and closer assessment of driver behaviours. Especially, when many on-road driving tests failed to observe errors or mistakes by older drivers due to their driving experiences. This paper aims to develop a new approach that makes it possible to integrate multi-cognitive and multi-sensory data in a close-to-reality driving context in order to identify lower-performing older drivers and problematic visual and motor behaviours, the problematic road sections, and the cognitive predictors of risky driving behaviours.
To achieve above tasks, current paper first reviews the age-related cognitive abilities which would affect older drivers' driving abilities, followed by developing a conceptual framework to identify the parameters of driver's visual and motor behaviour, and reveal the cognitive process from visual search to vehicle control in driving. The framework leads to the propose of a new approach, psycho-geoinformatics, to measure older drivers' driving behaviours and discover the underlying cognitive mechanisms. Technically, such measurement cannot be obtained without some sort of geoinformatics tracking and analysis tools, which would synthesize multi-sensory data into a more dynamic and quantitative format and create a context-aware investigation platform. The individual driving data can be analysed in GIS (Geographic Information System) and linked to drivers' cognitive states. The psycho-geoinformatics approach serves as a platform for exploring the interactions and relationships between the drivers, vehicles and traffic environment, and determining the underlying cognitive forces leading to driving ability deterioration. The paper concludes with a theoretical discussion on the appropriateness of the proposed approach and highlights the research path moving forward.
2 A conceptual framework of driving behavior and underlying cognitive mechanisms 2.1 Age-associated cognitive abilities relevant to driving performance in spatial-temporal context Among various studies, cognitive predictors of driving performance including visual processing speed and attention, spatial abilities, motor speed, and executive function are most studied [5] . The control of movement is a complex interaction of cognitive and sensorimotor systems. In this section, the major changes that occur in the control and coordination of movement with respect to aging are reviewed.
Visual processing speed and attention
Even in normal aging there is a decline in various aspects of visual attention including selective attention, divided attention, sustained attention and switching attention. Driving in traffic requires the ability to attend to relevant information and to ignore irrelevant information in often complex visual scenes [6] . Therefore, the speed at which visual information is processed can be critical for negotiating challenging traffic situations [12] [13] [14] [15] . It is commonly recognised that older adults are slower than younger adults in the speed of processing and that slowing of fundamental cognitive processes may have detrimental effects on more complex tasks [16] . Older adults showed a significantly decreased ability to divide attention when compared with young and middle-aged adults [17] . It would take an older driver 1.5 to 1.7 times longer on average than a younger driver to scan for information [18] . Apparently, for older drivers, visual attention ability is an important variable having a direct association with accident risk [13, 19] .
Spatial abilities
Spatial abilities imply the generation, retention, retrieval, and transformation of visual-spatial information [20] . General spatial abilities, which peak during the second or third decades of life, decline steadily in later life. Older adults experience difficulty with spatial relations and with mental rotation tasks, for example, localizing objects in 3-D space and interpreting information displayed in the rear view and side mirrors of a car [18] . Previous studies have linked spatial cognition to older drivers' driving behaviours [20] [21] [22] . A review of older drivers' capabilities for safe driving [22] indicated that spatial cognition is frequently utilised in driving and related to the safe and efficient operation of a vehicle.
Psychomotor skill
Motor skills in driving, such as pedal control and steel wheel control are psychomotor skills developed as a result of constant practice, so individuals need little thought to perform them but require input from both the physical and the mental attributes, and coordinate in order to achieve a certain goal. Age-related motor skill declines can be found as balance and gait deficits, coordination deficits, movement slowing [23] , and alterations in cognitive-motor processes [23] . Motor execution of the older adults may require more psychomotor ability and rely on cognitive control [24] .
Poor movement skill in older adults results in reduced speed and accuracy [25] . Older drivers are slower to respond to situations [18] , e.g., break reaction time, which affects ability to respond quickly to imminent danger; reduced control, which impacts safe driving in a timely fashion. Older adults take longer to initiate movement and carry through and are slower to accomplish eye movements to fixate on objects that are moving around the environment [18] . Older adults tend to adopt a different movement strategy when facing with a motor task that requires them to move steadily under temporal and/or spatial task constraints [12] .
Executive function
Neuroimaging studies showed age-related changes in the prefrontal cortex which indicate the decline of executive function in normal aging [26] . Executive function is necessary for integrating information and making decision, which seems highly relevant to driving [12] . Executive function involves the control and coordination of cognitive operations [27] . Subtle executive changes in a more cognitively intact group (such as older people), show a stronger relationship with cognitively demanding driving tasks [28] . The extent to which visual perception and fine motor skills are well coordinated is critical in driving [5] .
Executive function handles organizing actions in goal-oriented behaviors, specifically coordinating different centers of the brain to respond to environmental cues, planning the response and subsequently carrying it out, and dealing with situations that are hazardous or technically challenging [29] [30] [31] . Given that crashes in older adults involved often occur in complex traffic situations, such as intersections [32] , it is reasonable to assume that difficulty occurs at the higher cognitive level of executive function [12] in older drivers.
The context of driving assessment in older adults
Since cognition and behaviour are often situational in context, laboratory findings, particularly concerning decision-making and related executive functions, may fail to predict behaviours in complex and dynamic tasks that people confront in their daily lives. Vehicle driving in real traffic involves human visual perception, cognition, and locomotion of the driver, vehicle movement, and the environment [33] . The driving environment can greatly influence a driver's ability on the road. Age-related declines in the required component functions (vision, cognition, sensorimotor) for driving may often be "overloaded" in certain contextual situations [34] . Recent studies have emphasized an integrated approach to driver safety study which focuses on the overlapping and interacting area of the role of driver, vehicle and road environment [35] . To detect the driver state, various overt and covert measures, such as driving performance, visual attention, and traffic situation can be collected and interpreted in the driving context [8] .
As movement does not take place by itself, gathering information on the context in which the movement occurred, such as the interactions of moving phenomena with their environment and with other individuals, can facilitate a deeper understanding of movement [36] .
The driver-environment interaction
To drive safely, drivers need to perceive and interpret the relevant objects and elements in the current traffic situation so that they can consider these elements during planning and controlling their behaviour. Such elements may be other cars, the condition of the street or traffic signs [30] . For each of these elements, drivers not only must perceive them but also understand them according to their relevance to the driver's goals. In addition, drivers must make assumptions about the future actions or states of these elements [30] . The concept of situation awareness has become very popular in psychology as well as in driving studies to describe these cognitive processes [37] . Situations require a driver to adapt his/her behaviour by changing speed or dangerous direction. Safer drivers should be able to anticipate these situations in order to take vehicle control actions to avoid a collision [38] . Endsley [39] stressed that the concept of situation awareness is best seen as encompassing perceptual and comprehension processes, but not decision-making and response execution processes.
The driver-vehicle interaction
Once in motion, the driver must continuously and actively make adjustments on the steering wheel and pedals to attain desired travel objectives, and to avoid dangerous situations such as driving off the road or losing control of the pedals [40] [41] [42] . Driving can be described as a control task in a changing environment "created by the driver's motion with respect to a defined track with static and moving objects" [42] . The task includes requirements for route choice and following, coordination of manoeuvres in support of navigational objectives, and ongoing adjustments of steering and speed [42] . Control theory is predicated on the assumption that driver control actions are dependent on perceptual processes which select information compared to some standards. Drivers act to keep resulting discrepancies within acceptable limits in a negative feedback loop as the means of control in their goal-directed behaviour [42] . Target variables of control theory can be space and time margins and mental load specifically relating to control [43] . Smith [44] described the interacting phases in driving: first, to sense a situation and stimulus registered at the perceptual level; second, to recognize it and stimulus recognition at the cognitive level; then to decide how to respond at cognitive level; and lastly to execute the manoeuver at the motor level. Inputs from sensory and cognitive processes are important in determining what a driver choose to do and how the movements are organized and adjusted. Therefore, in driving assessments, environmental conditions, task requirements, and persons' characteristics imposing spatial and temporal constraints must be sensed and evaluated to determine what have been done [45] .
A conceptual driving behaviours and cognitive processes framework
Driving is a complex system in which the environment, driver and vehicle are influencing factors [46] . The system incorporates drivers' visual patterns, the attribute of traffic environment and vehicle movement that are intertwined in space over time. The human-machine-environment framework ( Fig. 1 ) links the cognitive variables and driving parameters, and various interactions associated with driving psychology and behaviours in a circular hierarchical structure.
The center of the conceptual framework ( Fig. 1) abstracts the core of driving as driver-vehicle-environment interactions and where driving research should start from. The second circle (yellow) defines the cognitive variables with respect to the sub-sections of interactions. The driver's perception, visual attention, spatial orientation and spatial visualization are the critical cognitive variables for driver-environment interaction; whereas psychomotor skill and executive function are the key cognitive abilities for driver-vehicle interaction. The situation awareness theory and driver control theory are used to support the notions of the two interaction phases. In driving, the two phases are instantaneously connected through the driver's cognitive processes, which are demonstrated as the driver's visual search and locomotion in the next circle of drivers' behaviours. The third circle (blue) defines key parameters of driving behaviours and performance, and their linkages to the driver's cognitive conditions. Eye fixation and duration, steel wheel and pedal controls are the variables of drivers' main behaviours and performance.
The outer circle (grey) presents study variables of drivers' behaviours and performance. They are conceptualised as the outcomes of psycho-spatial-temporal interactions on: what and how long drivers viewed their surroundings, how gazing behaviour associated with vehicle control (e.g., lane keeping and speed regulation). The links between grouped variables give indications on the underlying neuropsychological mechanisms responsible for driving behaviour and performance, such as the driver's ability of visual-motor coordination determines the driver's locomotion, and results in the vehicle lane position and the speed. The preliminary implication for older adults is that variability in the performance of older drivers may stem from age-related declines in cognitive functioning, and we must go beyond single risk factor studies of crashes to identify the factors most highly related and predictive of safe driving [47] . An important further implication of this framework is that research focus should be directed towards unpacking older drivers' visual-motor coordination using a vision-in-action paradigm in order to determine the underlying cognitive mechanisms.
Unpacking visual-motor coordination in older drivers
The conceptual framework has emphasised that driving involves multiple tasks that require drivers to gather information and control the vehicle to achieve desired goals. In other words, drivers face coordination demands arising from the dependencies between sub-activities that constrain how tasks can be performed. Therefore, coordination problems should be managed by sub-activities that implement coordination effectively. A driver's visual and motor behaviour must be coordinated, and how well it was coordinated determines the driving ability and indicates the level of the driver's mobility and safety. When applying visual-motor coordination concept in a driving behaviour study, it is important to include key sub-activities in the data model. Therefore, driving assessment or training should always consider how overall goals can be subdivided into tasks so that the coordination can be improved.
Previous studies show that older drivers are less likely to be involved in crashes caused by fatigue, high speed, weather condition or alcohol, but are more likely to be involved in crashes involving: intersections; failure to yield the right of way; failure to identify hazards or to heed stop signs/traffic signals; turning and changing lanes [32, 48, 49] . Older drivers also tend to avoid driving in a busy traffic or at night, and especially at nights in wet conditions, however, older drivers are more likely to be involved in angled impact crashes [50] . It is more difficult for older drivers to gather and process information about the environment due to the gradual deterioration of sensory and cognitive processing capabilities [51] . According to Michon [52] , there are three levels of hierarchical decisions which shape driving behaviours: strategic-level decisions such as route selections; tactical-level moment-to-moment decisions such as speed choice and lane changing; and operational-level second-to-second behaviour such as braking or steering.
Older drivers are more capable to perform their strategic and tactical decisions than the operational-level ones, which involve quick vehicle handling to implement the decisions at the tactical-level. It is performed almost without conscious thoughts [53] , thus requires effective executive functioning and coordination between actions.
In general, visual-motor coordination can be construed as the extent to which visual perception and fine motor skills are well coordinated [54] . Older drivers have exhibited difficulty in adjusting their operational-level behaviours, consequently they would have shown problems in visual-motor coordination [55] . The investigation of cognitive mechanisms related to older drivers' behaviours has been an area of high priority due to the increasing elderly population, the visual-motor coordination can be a sensitive but reliable measurement for the prediction of driving ability among older adults. On the other hand, older drivers must be aware of their abilities and limitations in visual-motor coordination so that they can compensate by employing defensive visual search and lane keeping behaviours to enhance their driving competencies.
A psycho-Geoinformatics approach for driving and visual-motor coordination assessment
Adapting tools and techniques from the information technologies can help improve the measurement and modelling of psychological processes in a broader range of ways. In fact, no matter how data are to be obtained, they will be synthesized by time or location during analysis, so that researchers can get a sense as to what happened in the driving scene and context. Psycho-Geoinformatics, which we propose in this paper, can achieve such a goal since it contains: 1), rich data sources from mobile devices and sensors; 2), a central data store; and 3), an analytical platform for investigation [56, 57] . With the availability of numerable human movement data, the constantly growing movement of users (such as drivers) with "wearable" equipment will offer a great potential for more disciplines "as psycho and physiological parameters could be collected on the go" [58] . A studied context with more detailed spatial-temporal scale can reveal subtle changes in actions which suits driving behaviour tracking and unpacking visual-motor coordination, as the fact that both visual search and vehicle control actions update from moment to moment at the micro scale level, for example, the driver's eye fixation duration can be as short as 0.1 s. For such reason, the data collections through driving experiments and the analysis of visual-motor coordination require advanced tracking technologies and methods of data integration.
Data collection protocol
Based on the driving behaviour variables identified in the conceptual framework, a data collection protocol (Fig. 2) is presented as part of the psycho-geoinformatics solution. A variety of older drivers' attributes and driving behaviours are to be captured in one investigation through both the laboratory neuropsychological tests (left) and the on-road driving assessment (right). The laboratory neuropsychological tests can provide a window into the specific cognitive deficits in individuals with increased crash risk. The presented neuropsychological tests in Fig. 2 have been described in our previous paper [59] . Such testing is typically sensitive to gross abnormalities and is often used to assess cognitive deficits in the clinic [6] . Studies have shown relationships between the performance of at risk drivers on laboratory neuropsychological tests of cognitive function and driving behaviour both in simulation and on road driving [60] , with a number of studies showing the predictive value of neuropsychological tests on driving behaviour in healthy aging [61] . Nevertheless, the direct link between drivers' cognitive conditions and driving performance can be hardly established without detailed driving data. Vehicle kinematic profiles in common roadway scenarios, such as the lane position and speed, may provide specific evidence of driving behaviour in older drivers with age-associated declines in visual, cognitive, and attentional impairments that relate to overall driving safety and cognitive abilities. Our earlier studies have showed the possibilities of vehicle movement tracking and the definitions of the vehicle control variables [59, 62] . Using such data collection for at-risk drivers is likely to provide an abundance of knowledge and a context of risky behaviours. This data can also verify the assumptions of theoretical models and the results of laboratory studies regarding the role of variables such as reaction time, or lane deviation [6] , and provide evidence on how cognitive abilities affect driving behaviours [59] .
Eye tracking is one widely used technique to measure eye movement so that researchers can find where the person was looking at a given time, and the sequence of eye movement shifting from one location to another [63] . The rationale behind eye tracking research was depicted by Tatler [64] that human eyes are directed to the locations that are relevant to our task at each moment. We look at the locations that convey information allowing us to act upon the environment in order to complete our current motor action. When and where drivers look at is of importance to driver safety [65, 66] . The main parameters for visual search behaviour are the frequency and the duration of eye fixations, which are the time periods where the driver's gaze locations were spatially relatively stable. Analysis of eye fixations facilitates the investigation of the driver's visual awareness and driver behaviours in dynamic driving situations [67, 68] .
The on-road driving tests can simultaneously record the vehicle movement and the driver's eye movement. The driving route should contain roundabouts and intersections, which are defined as critical sections for analysis. This is based on the finding that the high vehicle crashes involvement of older drivers occurred at those sections [32, 48, 49] . A head-mounted eye tracker records eye fixations and duration on video images for the analysis of the driver's visual pattern. A GNSS (Global Navigation Satellite System) device on the driver's car roof records the vehicle position every 0.1 s. RTK (Real-time Kinematic) technique for vehicle positioning can be used to achieve centimetre to decimetre level accuracy [62, 69] . This is essential to calculate the vehicle position and speed so that the performance level of vehicle control in individual older drivers can be quantified [62, 69] .
The data collection protocol employs a vision-in-action paradigm in an attempt to integrate visual-perception data with motor action data. Such a paradigm recognises many factors in the constraints-directed model: the driver, the task, the environment and perception-action coupling within driving visual-motor workspaces. To integrate the data, the eye fixations are geocoded and synchronised with the vehicle movement trajectory in a GIS program [70] so that the researchers are able to view drivers' visual-motor behaviours retrospectively and conduct spatial and statistical analysis [71] .
Analysis and assessments framework
The analysis and assessment framework (Fig. 3 ) outlines spatial and statistical approaches for assessments and expected outcomes. Technically, it establishes an analytical platform of psycho-geoinformatics to investigate the driving behaviours and the cognitive mechanisms.
A central driving geodatabase (Additional file 1: Appendix) can be created to store and integrate spatial-temporal data of vehicle trajectory and eye movement parameters. The drivers' laboratory neuropsychological scores are linked to driving the performance database (Additional file 1: Appendix). Various spatialtemporal analysis and statistical analysis can be then performed across the datasets. Four subsets (Fig. 3 ) of analysis and assessments encompass examples of our earlier work and potential future work. First, the driving assessment evaluates driving competencies with respect to the level of safety, efficiency, and workload. The performance ranking models and benchmarks the visual-motor coordination performance, and identifies the underperforming older drivers. The spatial-temporal patterns of drivers' eye movement and vehicle control parameters can be visualized at both individual and group level to find the distributions of visual attention and vehicle control. Finally, a range of statistical analysis and modelling can be performed to investigate correlations and predictive relationships between driving behaviours and cognitive abilities.
Driving competency assessment
The quantitative eye movement and vehicle control data can be used to assess individual drivers' driving competency in terms of visual workload, vehicle control efficiency and safeness, which cover the three essential aspects of driving performance. The driver's gaze effort can be used to measure the level of the workload during driving. In a particular manoeuvre, the scale of workload can be calculated by the ratio between total gaze effort (number of eye fixation objects*number of eye fixations*durations) and total manoeuvre time. The driving competencies of efficiency can be calculated by the lane deviation of vehicle trajectory from the desired path (e.g. road centreline). For the matter of safeness, we can combine the driver's vehicle speed and lane position performance by taking the consideration that they are two of the many possible factors that lead to crashes on road [72] .
Performance ranking: Visual-motor coordination index
Multiple parameters of visual search and vehicle control can be aggregated or modelled into a single visual-motor coordination index for overall performance ranking. A simple visual-motor coordination ranking method was presented in our publication [70] . The results gave performance scores of individuals to identify problematic behaviours for low-performing older drivers. The index can be combined with road data in GIS to inspect visual-motor coordination at different route sections, and trace back the specific road sections where drivers performed high visual workload, inefficient or unstable vehicle control. The visual-motor coordination has emerged as an important indicator of driving behaviour and performance in older drivers. The visual behaviour-vehicle control relationships described in the publication [73] provide an in-depth understanding of the difference between good and low-performing older drivers. Spatial ability, executive function, and selective attention were identified as the best predictors of visual-motor coordination performance in older drivers. They complemented the visual-motor coordination model of driving by explaining the underlying neuropsychological mechanisms. The visual-motor coordination index model can be further improved by weighting the impact of visual and motor parameters.
Spatial-temporal visualisations
The synchronised visual search and vehicle trajectory data enables spatial analysis and visualisation to examine drivers' driver-vehicle-environment interactions. The integration of high-resolution vehicle movement trajectory with other spatial information, such as roads, allows researchers to segment, visualise and model their data based on location and time attributes. The eye fixations of eye movement can be geocoded and linked to the vehicle movement trajectory to represent the visual-motor coordination of drivers in a GIS platform. The techniques were described in paper [74] , where a spatial-temporal data model of visual-motor coordination was constructed. The integration extended the dimensions of eye movement tracking by adding the location of where each gaze originated and visualising the pattern of their oculomotor behaviour. A further publication [75] investigated the associations between older drivers' visual capacity and their eye fixations in various driving manoeuvres. The influence of different driving sections on the associations between older drivers' eye movement and visual ability were explored via spatial analysis and visualisations [74, 75] .
Statistical analysis and modelling
The psycho-geoinformatics approach can be used to investigate driving behaviors and underlying cognitive mechanisms using a range of statistical analysis and modelling methods. The research questions or expected outcomes can be: (1) the correlations between specific measures of older drivers' driving behaviours and performance and human factors/functional ability measures, the explained variance of these relations to determine the strength of these correlations [59] ; (2) the predictors of neuropsychological tests for visual-motor coordination performance [73] ; (3) the discriminant variables associated with safe driving behaviours in older adults [59] ; (4) a series of analyses in particular visual-motor coordination behaviours focusing on specific hypotheses and sub-scenarios; and (5) performance benchmarking models for identifying low-performing older drivers and their problematic driving behaviours [70] .
Discussion and prospects for future work
Road safety studies traditionally use source data from crash reports, which are limited in the depth and quality of "real--world" information about individual drivers' behaviour and performance. On-road driving assessment can provide the opportunity to study what drivers do and how they handle a broad range of elements in real traffic: the cars, the road infrastructure and road regulations. These assessments can shed light on how different drivers interact with their vehicles and the environment, how they gain information to avoid hazards and how they adapt their visual resources to analyse increases in traffic demand [60] . Collecting comprehensive on-road driving data also represents a significant evolution in driving research, because the gaze and motor characteristics observed under laboratory conditions by driving simulation may not provide an accurate reflection of a participant's natural behaviour, and investigations conducted in a real setting may reveal important mechanisms involved in their behaviours. On-road driving assessments have been detecting the errors made by the drivers. However, many older drivers are highly experienced in driving and hardly make obvious mistakes within the assessment period. Rather, they may demonstrate subtle changes in specific measures of driving behaviour, such as lane deviation and insufficient eye gazing, which are difficult to observe. A standardised on-road driving assessment with a quantifiable score would allow for a greater objectivity in detecting risky behaviours and evaluating the level of driving performance [61] . So far, few studies have been able to scrutinize detailed individual driving behaviour due to the lack of reliable data and available technologies. Despite an increasing amount of research on older drivers' safety and mobility, little quantitative evaluation has been done to investigate their visual-motor coordination performance and cognitive predictors for risky driving behaviours. The proposed psycho-geoinformatics approach has established a holistic platform to explore a variety of older drivers' attributes and driving behaviour in a single integrated experiment. As a result, a broad set of measures from multiple domains including driver, vehicle, and road environment in the same time period can be obtained. The integration of the driver's visual patterns, vehicle movement and the traffic can not only provide insights into the driver-vehicle-environment interactions in space over time, but also help discover the underlying cognitive processes. The framework is driver centric on an individual basis and the analysis and assessment are based on a scalable multi-dimensional data infrastructure, which is more plausible with respect to the real driving context.
The framework links between the driver's visual and motor behaviour and the cognitive process using spatial technologies. It highlights location and time as essential parameters in driving studies, and synthesizes multi-sensory data into a meaningful form so as to create a context-aware investigation platform. Such measurement cannot be obtained without geoinformatics tracking and analysis tools, when it comes to the practice of intervention, the assessment feedback for participants can be significantly cheaper than personal interaction with a therapist. The synchronised visual attention and driving performance over high resolution of space (cm) and time (seconds) can provide researchers and practitioners a new tool to quantify the behaviour and performance.
The potential uses of the psycho-geoinformatics approach are plentiful as the application is adaptable and customisable. The approach is grounded in empirically-based research and the methods can be replicated by other researchers and practitioners. The framework and data model can be directly used or modified in: studies of other cohorts, such as novice drivers, drivers with dementia or other age-related diseases; studies for other research questions, such as distraction in driving behaviour, alcohol/ drugs effect in visual-motor coordination in driving; and studies for modelling driving behaviours and scenarios, such as driving on freeways, bus drivers' behaviours. Since the driving experiment and data analysis are capable to generate a driving matrix to quantitatively evaluate the levels of driving performance in older adults, insurance companies, such as car insurance can refer to the result in deciding the level of insurance cover for older drivers.
Another short-term application is to design a driving program to evaluate and improve older drivers' situation awareness in distracted driving. The program can record the visual search strategies and vehicle control behaviour when the older drivers are distracted by visual stimulus. The goal of such application is to provide an effective cognitive intervention program for older drivers, in order to preserve their ability to stay mobile by driving and improve the safety of these vulnerable road users.
Currently the trends of "shared mobility" and "autonomous vehicles" are still in the developing stage with limitations in the applications, and are more to research before both can be applied to help older people's mobility. In terms of the technology of "autonomous vehicles", the topic area of cognitive attention is in fact becoming even more important with the advent of automation of the driving task. When the vehicle is operating under its own control, it is arguably safe for the human in the vehicle to shift attention away from driving and the traffic situation. But some automation designs still require supervisory control by the human and readiness to take over at short notice [76] . Therefore, some level of attention to the external road and traffic scene, and effective visual-motor coordination are still needed and critical for older people. To make an autonomous vehicle more cognitive and artificially intelligent, it needs the system implemented using certain advanced cognition theories [77] , such as situation awareness theory, visual-motor coordination theory which we have described in this paper. We believe that one of the challenges of autonomous vehicles will be to imitate human behaviour in driving interactions [77] . This probably will create a long-term application for psycho-geoinformatics approach in driving research, for example, a psycho-spatial-temporal algorithm may be developed and integrated into the driverless car system architecture.
We understand that subtle changes in drivers' behaviour lead to accidents, and for older drivers, the changes need to detect as early as possible in order to provide intervention. The presented psycho-geoinformatics approach sets up a scalable multidimensional data infrastructure which can offer significantly more definitive information related to the driver's visual search strategies and motor actions. Driving events recorded in a second-to-second level exhibit spatial distribution and temporal change of vision and motor behaviours of the driver, thus builds a detailed model for the cognitive processes of the individual drivers and their interactions with the traffic. From there, the driving competencies can be accurately evaluated in the system and potentially the system can provide effective feedback to the drivers for intervention. In conclusion, this paper has set out a feasible approach with valid theoretical and methodological framework as a basis for others to adapt and develop in exploring the complex driver-vehicle-environment interactions and cognitive mechanisms. We expect that an analysis of the relationships outlined in our conceptual framework by one of the suggested approaches in the analysis and assessment will enrich the research debate on driving behaviour with constructive insights. 
